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Introduction
Protic ionic liquids (PILs) 1 can be readily prepared by simple acid-base hydrogen-transfer reactions; A−H + B −−→ [BH] + + [A] − . In most cases, there are implicit assumptions that a 1:1 acid:base stoichiometry is used and that the equilibrium lies far to the right, i.e. that the liquid generated is, in fact, a fully ionised ionic liquid. Neither of these two cases are necessarily true. In the context of strong acids and bases, full proton transfer usually occurs. However, large regions of potentially interesting liquid phase space are available when PILs are prepared with compositions other than that of the neutral salt (using excess of acid or base). Such regions of Such regions of the PIL phase space can correspond to the important regions of 'acidity' and 'basicity' in aprotic chlorometallate ionic liquids. 2 Watanabe and coworkers 3 and Angell and co-workers 4 have both made major contributions to the study of PILs formed with combinations of strong acids and bases (empirically with differences in pKa values in excess of [8] [9] [10] , demonstrating that interesting, and useful, ionic liquids can be generated at compositions that do not have notional 1:1 acid:base stoichiometry. either additional H[NTf 2 ] or imidazole, two extended liquid regions with depressed melting points ( Fig. 2) are formed. Interestingly, both these regions have better conductivity and proton transport properties than those of the 1:1 salt composition. Non-stoichiometric PILs are of interest as non-aqueous proton conductors, 3,5-11 particularly as water-free electrolytes in batteries, fuel cells, solar cells, actuators, or double-layer capacitors. For fuel cell applications, the potential to combine good proton conductivity with enhanced thermal ranges (larger than are possible with aqueous electrolytes) has immense appeal. Indeed, PILs have been extensively studied for uses in fuel cells, and the most promising cases have base-rich compositions. 8, 10, 11 Transport mechanisms in imidazole/H[NTf 2 ] PILs have been investigated using pulsed-field gradient NMR and quasi-elastic neutron scattering studies 12 identifying both short range (Grotthuss) proton hopping and long range (diffusive) pathways. Oligomeric im−H···[H−im + −H]···im−H chains were implicated in the extended proton transfer mechanism. Chong et al. 13 also proposed Grotthuss-type mechanisms for protonic charge transfer between 2-methylimidazolium cations and unprotonated base ( Fig. 3) including transport of protons across the imidazolium face as a mechanism in PILs to explain the apparent gains in conductivity, allowing protonic charge to cross a series of hydrogen bonds without large-scale movement of the cations.
The liquid structure of the PIL base-rich phase space has not been extensively studied. It seems appealing to invoke the formation of homo-conjugated cations of the form [B···H···B] + , as above, in the base-rich phase space of PILs. Such species have been identified in the solid state, for example in crystals of a 1,2-dimethylimidazolium chloride:1,2-dimethylimidazole adduct 14 and in low temperature solutions studies for homo-dimers of pyridine/1-H-pyridinium salts. 15 We have an on-going interest in understanding the role of ionassociation and speciation in ionic liquids [16] [17] [18] and the nature of the 'complex ions' that can be formed when acids and bases, or salts and acids or bases are mixed. [19] [20] [21] Here, we compare the liquid structures of 1:1 and 2:1 base:acid mixtures of imidazole with H[NTf 2 ], determined using neutron diffraction with isotopic substitution, in order to identify whether persistent homo-conjugated complex cations can be observed in the basic-rich region of phase space and, if present, to try to understand how these contribute to the liquid structure and proton conductivity. 2 ] was also run to provide isotopic contrast between the C-H and N-H sites in the 2:1 system. Mixtures of base + acid were prepared by mixing accurately weighed quantities of the respective heterocyclic bases and the acids at 1:1 and 2:1 molar ratios into vials containing a magnetic stir bar. The vials were then sealed under argon, and heated with stirring at 80 • C to homogenise the samples. The 2:1 imidazole:acid mixtures were liquid under ambient conditions, the 1:1 imidazole:acid samples were crystalline solids and the mp of the protic sample (1 in Table 1 ) was 74 • C, consistent with that reported by Noda et al. 5 (73 • C) and Moschovi et al. 23 (72.76 • C). The melting point of deuteriated 1:1 imidazole:acid was ca. 85 • C.
Neutron scattering data were collected on the seven samples (Table 1) using the SANDALS spectrometer at the ISIS pulsed neutron and muon source at the Rutherford Appleton Laboratory, UK, using 1mm 'null scattering' Ti 0.68 Zr 0.32 flat plate cells, maintained at 90 • C. The method used for data reduction using GUDRUN, 24 and analysis using the Empirical Potential Structure Refinement (EPSR) program 25, 26 have been described in previous reports. 27, 28 Imidazole and imidazolium moieties were described using a simple molecular descriptors with atom types defined based on the unique positions in the molecular skeleton of the moieties, as shown in Figure 4 . EPSR simulation models were refined against the experimental data over the full data range (Q = 0.1-50 Å −1 ) using a reference potential derived from OPLS-AA parameters with charges scaled by 0.50, are given in Table 2 . It has previously been shown 29, 30 that charges determined from isolated gas phase calculations need to be reduced in order to adequately rep- Table 2 Lennard-Jones well depth (ε), range (σ ), and charge (q) parameters used for the reference potential of the Empirical Potential Structure Refinement model. Here we found, in some simulation cases, that using such relatively large partial charges for the 2:1 base:acid system lead to de-mixing of the [imidazolium][NTf 2 ] ionic liquid and imidazole components in the EPSR simulation. This anomalous behaviour generated simulated S(Q) data sets with large scattering components in the low Q region that did not arise from fitting to the experimental data and were clearly an artefact. It was thought that one possible cause for this behaviour was over-association of the ionic components of the simulation box to the detriment of neutral imidazole-ion associations. In order to address this, charges used were scaled to 50%. With these smaller partial charges, no demixing was observed in any structure refinements and the cationic and neutral imidazolium/imidazole moieties respectively and described more similarly, which is reasonable since in the absence of an adaptive/reactive force field, the likely rapid hydrogen-transfer between the two heterocycles would render them approximately equivalent.
Atom type
In addition to the reference potentials, the non-parameterised empirical potential was allowed to vary between 0 and 30 kJ mol −1 to refine the structure. Within the EPSR simulations the [NTf 2 ] -anion was modelled as previously described 31 with no pre-constrained dihedral angles or restrictions to rotation. Simulations were equilibrated over ca. 2000-3000 cycles before accumulating and averaging data over a further 10000-20000 interactions. The EPSR refinements, in each case, were initialised using an equilibrated Monte Carlo simulation containing either 1000 ions (imidazolium + [NTf 2 ] -for the 1:1 mixture) or 1500 species (imidazole, imidazolium, and [NTf 2 ] -anion for 2:1 mixture). The respective sizes of the simulation boxes corresponded to the experimentally determined molecular densities of the fully protiated mixtures. Centre of mass radial distribution functions were calculated using the SHARM routines within EPSR.
Results and Discussion
Neutron scattering measurements were performed on [imidazolium][NTf 2 ] PILs at 1:1 and 2:1 base:acid composition, at 90 • C (i.e. above the melting point of the 1:1 salt composition). EPSR analysis of the data was conducted fitting models containing equal ratios of cations and anions (1:1 system) or cations, anions, and neutral imidazole base (2:1 system) to the data sets from the three (1:1 system) or four (2:1 system) isotopically discrete samples. These models make the assumption that there is 'complete' proton transfer from an acid to the base, thus forming the ionic liquid. Table 1 .
Experimental neutron diffraction total scattering functions are presented in Fig. 5 together with the EPSR data and difference plots between the experimental and simulated data sets. In general, a good fit is observed for all isotropic substitutions between the experimental data and EPSR derived model indicating that, for both 1:1 and 2:1 systems, the models are self consistent with the multiple datasets.
Centre-of-mass RDF analysis
The corresponding centre-of-mass radial distribution functions (RDFs) for the 1:1 and 2:1 imidazole:acid systems derived from the EPSR models are shown in Fig. 6 . It is apparent that the 1:1 system, modelled as a pure ionic liquid containing imidazolium cations and [NTf 2 ] -anions, shows the 'typical' ion-ion correlation patterns of a general ionic liquid with intermolecular ion-ion correlations dominating the observed S(Q).
The first coordination shell of imidazolium cations contains anions at a contact distance of around 5.0 Å (with two peaks in this distribution region at 4.2 and 5.6 Å) to the first shell minimum at ca. 7-8 Å. The corresponding anion-anion RDF shows an outof-phase relationship to that from the cation-anion RDF, with a first maxima at 7.5 Å and a minima at ca. 11 Å concurrent with the second shell peak in the cation-anion RDF. Cation-cation RDF correlations also show a smaller peak at ca. 5-6 Å in the imidazolium first shell.
The 2:1 base:acid similarly shows ion-ion RDFs with a conservation of the same overall ion-ion correlation patterns between the two PILs. The RDFs show only minor perturbation by the presence of the additional imidazole added at 2:1, and first shell (to ca. 7.5 Å) association is observed between all the system components in these ionic liquids. Both imidazolium-imidazole and imidazole-imidazole correlations in the 2:1 system can be observed (shown offset in Fig.  6 ), both show a first maximum at 5-6 Å, comparable to the imidazolium-imidazolium RDF, and at a distance compatible with a bridging hydrogen-bond between two imidazole rings in both cases at the edge of the first coordination shell. All three heterocycle-heterocycle RDFs show similar shapes with identical peak positions with smaller, and less well defined first peak in the imidazolium-imidazolium first correlation compared to those for the imidazole-imidazole and imidazolium-imidazole associations. This suggests intimate mixing of the two heterocycles (imidazole molecules and imidazolium cations) throughout the system with the absence of charge on imidazole enabling preferred access to both other imidazole and imidazolium sites compared to like-charged imidazolium-imidazolium interactions. The presence of two heterocycles per anion in the 2:1 system does not lead to any substantial perturbations of the cation-anion COM RDF compared to the 1:1 system, as shown in Fig. 6 . The corresponding imdazole:anion COM RDF shows similar association (from 3.8 Å to a minimum in the first shell at ca. 7.8 Å) however the peak is less intense, particularly in the shorter distance correlation regions below 5.0 Å.
Yaghini
et al. 32 have recently studied [1−ethylimidazolium][NTf 2 ] + imidazole mixtures using IR spectroscopy and MD simulation. The results were interpreted in terms of extensive cation-anion, cation-imidazole and imidazole-anion hydrogen-bonding. The extent of cationimidazole hydrogen-bonding was reported to increase with increasing mole fraction of imidazole in the mixtures up to about 0.5 mole fraction (equivalent to 2:1 base:acid in the systems under investigation here) followed by an increase in imidazoleimidazole hydrogen-bonding at the expense of cation-imidazole and imidazole-anion interactions, implying domain separation of imidazole from the protic ethylimidazolium ionic liquid domains. Amines exhibit stronger basicity when dissolved in ionic liquids than in common molecular solvents, 33 thus, addition of imidazole to the 1:1 PIL could lead to a large disruption of the (strong) cation-anion hydrogen-bonding motifs.
Cation-anion correlation environments
The spatial relationship between near-neighbouring sites can be highlighted by examining spatial density functions (SDFs). Imidazolium cation and [NTf 2 ] -anion spatial correlations around imidazolium centres for both the 1:1 and 2:1 systems, and the corresponding correlation space for imidazole molecules around imidazole and imidazolium centres in the 2:1 system are shown in Fig. 7 , plotted to encompass the highest 15% probability density for an interaction. A strong correlation of anions radially arrayed around the plane of the imidazolium cation, associated with the C−H and N−H sites, is evident with the greatest association to N−H positions in both the 1:1 and 2:1 imidazolium:acid systems. The five lobes of high [NTf 2 ] -probability density within the equatorial plane of the imidazolium cation appear to be centred on the X-X bonds (X = C or N) of the imidazolium ring. However, these associations arise from X−H···O interactions whereas the anion centre-of-mass is situated close to the N atom centre.
Watanabe et al. 34 have combined synchrotron high-energy Xray scattering studies on protic [imidazolium][NTf 2 ] ionic liquids with MD simulation. SDFs calculated by MD indicated a marked preference for interactions of imidazolium N-H sites (containing the largest partial charge) with O-atoms from the anion, with the −CF 3 groups of the anion located above and below the imidazolium ring plane. Although F···cation SDFs were not determined in our studies here, it seems likely on steric grounds that the strongly N−H···O hydrogen-bonded anions will sit around the imidazolium ring twisted out of the plane of the ring, furnishing the same spatial description.
The first shell of cation-cation correlations (between 3.3-6.6 Å) for the 1:1 system shows imidazolium-imidazolium correlations above and below the plane of the central imidazolium ring, i.e. occupying space not constrained by the equatorial cation-anion association.
The 2:1 system shows no significant changes in the cationanion SDFs compared to the case at 1:1. This indicates that the primary interactions are still hydrogen-bonding association of cations with anions in the plane of the cation. The cation-cation SDF now appears slightly less well defined, suggesting that the liquid lattice structure beyond the first correlation shell is less tightly constrained, most likely a consequence of dilution by the presence of imidazole.
The strong cation to anion hydrogen-bonding patterns that are evident in the spatial probability density plots (Fig. 7) occur primarily through pronounced interactions with the oxygen atoms of the anion. For the 1:1 system, this is most evident from the strong correlation peak at 1.9 Å in the N−H···O RDF, and a much smaller correlation at the same separation distance in the N−H···F RDFs (shown in Fig. 8 ) There are no peaks in the N−H···N RDF below 4 Å. The coordination numbers association with these interactions are shown in Table 4 .
For the 2:1 systems, also shown in Fig. 8 , the corresponding imidazolium-anion (N−H···O) RDF also shows a peak at 1.9 Å, although the intensity of this peak is lower than in the corresponding 1:1 case (the coordination number, indicating the number of N−H···O interactions to 2.0 Å is approximately 30% lower in the 2:1 system than in the 1:1). The first peak in the N−H···F RDF (also at 1.9 Å) is larger than in the 1:1 case. This is discussed below, in terms of changes in the average anion conformation with composition. Again, there are no peaks in the N−H···N RDF below 4 Å. Imidazole N−H···anion RDFs for the 2:1 system mimic those of the imidazolium cation, although the peak magnitudes (running coordination numbers) vary. The imidazole-F correlation is larger than that for imidazolium whereas the corresponding correlation to the O sites is smaller. The presence of similar imidazolium-anion and imidazole-anion interactions adds to the evidence for intimate mixing in the ionic liquid systems. Comparing the short distance (2 Å) N−H···N coordination numbers, in both the 1:1 and 2:1 systems, each anion O site participates as a hydrogen-bond acceptor in approximately 0.4 hydrogen-bonds to N-H hydrogen-bond donors. In the 2:1 case, these are shared between imidazole and imidazolium donor sites. Figure 6 showing the view over the imidazolium face (top) and edge-on (bottom) for 1:1 (left) and 2:1 (middle) mixtures. The corresponding imidazolium-imidazole (top right) and imidazole-imidazole COM SDFs (bottom right) for the 2:1 system are also shown. Surfaces were calculated to encompass the top 15% probability within the first peak in the COM RDF between 3-8 Å. 
The anion environment
In aprotic ionic liquids with [NTf 2 ] -anions previously studied, 18 free rotation of the anion around the SO 2 −N−SO 2 bonds leads to a statistical distribution of conformations, which are generally described as cis or trans, based on the relative positions of the two −CF 3 groups.
In contrast to aprotic [NTf 2 ] -ionic liquids which typically have a statistical distribution of anion conformers, Moschovi et al. 23 have shown that strong cation-anion hydrogen-bonding present in protic [imidazolium][NTf 2 ] PILs results in a restriction in anion cis-trans interconversion with the energy barrier to cis:trans transformation of ∆H eq = 14.3 kJ mol −1 . This leads to a promotion of the cis-anion population and also to the cis-anion conformer becoming more prevalent with increasing temperature.
In EPSR (and other simulations), the cis:trans conformer ratio can be assessed by examination of the distribution of intramolecular CF 3 ···CF 3 distance distributions in the simulation model. The anion CF 3 ···CF 3 distance distributions shown in Fig. 9 reflect the conformational distributions in the two simulation models. By summing the number of conformers with a CF 3 ···CF 3 separation less than, and greater than, 4.5 Å, cis:trans conformer populations can be estimated. In the 1:1 system, a 58:42 cis:trans ratio was found which changes to a more conventional 22:78 ratio in the 2:1 system, consistent with a higher degree of cationanion hydrogen-bonding to the anion oxygen sites at 1:1. Reduction in the cis-anion populations in the 2:1 system is consistent with a reduction in the magnitude of direct imidazolium-anion hydrogen-bonding as the imidazolium cations become more in- teracting with adjacent imidazoles.
Imidazole environment
The correlations of imidazole molecules with both imidazole and imidazolium sites, indicated by the peak maximum at 5.0 Å in their respective RDFs, are of great interest since these contacts appear at the separation distance consistent with edge-to-edge hydrogen-bonding and so should provide the mechanism for nondiffusive proton transport in these PILS. As previously noted, the 5.00 Å correlation length present in both these RDFs corresponds to the separation distance between co-planar imidazole rings linked through an N−H···N hydrogen-bond, and it would be convenient to infer that the RDFs provide clear evidence for hydrogen-bonding in the liquids. Indeed, hydrogen-bonding is generally invoked as a structural feature in base-rich imidazolium PILs and an important mechanism for proton transfer. 12 Unfortunately, this static image of N−H···N hydrogen-bonded chains of imidazolium and/or imidazole groups propagating through the liquid does not appear to be supported by the -anion in the two simulation models.
imidazolium-imidazole and imidazole-imidazole SDFs in Fig. 7 which indicate that the positions of highest probability for the heterocycle-heterocycle correlations are over (and directly below) the plane of the centre of reference ring (either imidazolium or imidazole) when plotted at the high 15 % probability level. This association pattern resembles that previously reported for stacking of aromatic guest molecules with aromatic cations of ionic liquid host solvents with a broad correlation in the respective RDFs starting from ca. 3 Å with a peak around 5 Å. 17, 28, 35 However, in benzene and toluene the corresponding aromatic ring-ring correlations have been analysed in terms of a distribution of near neighbour orientations ranging from co-planar through to perpendicular. 36 NC1-NC1 NC1-NB1 NC1-NB2 NB1-NB1 NB1-NB2 NB2-NB2 NC1-NC1 (1:1) Fig. 10 Imidazolium-imidazolium, imidazolium-imidazole, and imidazole-imidazole N···N site-site RDF correlations in the 2:1 system. The NC1-NC1 correlation from the 1:1 system is also shown as a dashed line for comparison. tion peak that is centred around 5 Å and reflects the position of the corresponding COM RDFs in Fig. 6 . This lack of any strong evidence for hydrogen-bonding between heterocyclic components of the systems (imidazole or imidazolium) within the EPSR simulation, even through the COM RDFs do indicate that these moieties are positions close enough to each other to form N···N hydrogen bonded complexes can be interpreted in two ways. The first explanation is that there is simply insufficient information present within the experimental data to differentiate between the heterocycle N and C sites. It would be anticipated that even if this was the case, then the planar pentagonal rings would reveal an edge-edge preferred spatial correlation if persistent long-lived hydrogen-bonded complexes are present in the systems. The second possible explanation is that, while hydrogen-bonding is possible and is certainly an important part of the proton transfer mechanism, evidence for it's existence in the total structure refinement model is lost because the persistence time of hydrogen-bonded complexes is much smaller than that of slower reorientational inplace tumbling of the heterocyclic rings. The radius of gyration of imidazole/imidazolium rings separated by 5 Å from their centres of mass is ideal to enable 'flipping' and transfer hydrogen atoms directly to adjacent heterocyclic N-sites. The consequence of this is that only the average positions of the rings can be identified (as shown by the 5.0 Å peak in the COM RDFs) but specific relative orientational correlations through N−H···N hydrogen-bonds only occur on short time scales and are lost within the average structure that is dominated by the more static Coulombic lattice of alternating cations and anions.
Flipping of imidazole rings as the mechanism for H-exchange and proton conductivity in crystalline imidazole was proposed by Kawada et al. 37 in 1970. Li et al. 38 modelled proton transfer in liquid imidazole, identifying [Im-imid-Im]+ cation formation through solvation of protonated imidazolium cations (generated by reaction with injected protons) by imidazole. Within the simulations, proton transfer was considered as a local event with only very short spatial/temporal correlation whereas slower imidazole reorientation was identified as the rate limiting step. Simulating the properties of ionic liquids, Zhang and Maginn 39 show that there was a linear inverse relationship between calculated ideal ionic conductivity and ion-pair and ion-cage lifetimes suggesting that relative conductivity is dominated by the dynamics of the formation and breaking of ion pairs or cages structures. Notably short ion-pair and ion-cage life time constants (τ IP = 365 ps and τ IC = 39.3 ps at 380 K) were calculated for [imidazolium][NTf 2 ] indicating that local ionic structure reorganisation is an extremely dynamic process.
